Since 2011, the Advisory Committee on Immunization Practices (ACIP) guidelines for routine MenACWY vaccination in the US include a primary dose before age 16 y, preferably at ages 11-12 y, with a booster dose at age 16 y. Data on rates and drivers of meningococcal vaccination completion (receipt of both doses) and compliance with recommendations (receipt of primary dose at ages 11-12 y followed by booster at 16 y) down to state-level are limited.
Introduction
Meningococcal disease is a rare but severe illness caused by Neisseria meningitidis bacteria. Due to the rapid onset of disease, high case-fatality rate, substantial long-term sequelae among survivors, and the potential for outbreaks, prevention of meningococcal disease remains a public health priority. 1, 2 At least 12 serogroups of Neisseria meningitidis have been identified, among which serogroups A, B, C, W, and Y account for nearly all meningococcal disease burden.
Vaccination has proven to be an effective strategy to prevent meningococcal disease. 3 In 2005, the first quadrivalent meningococcal conjugate vaccine against serogroups A, C, W, and Y (MenACWY) was licensed and recommended by the Advisory Committee on Immunization Practices (ACIP) for routine use in healthy adolescents aged 11-12 years. 4 In October 2010, with evidence of waning immunity after a single dose of the vaccine the ACIP updated its recommendation to include a booster dose such that the current routine vaccination schedule for healthy adolescents comprises a primary dose at ages 11-12 years and a booster dose at age 16 years. 1, 5, 6 From 1996 through to 2015, the incidence of meningococcal disease declined in the US. 7 Despite this, adolescents and young adults are still at risk of infection and outbreaks of the meningococcal disease continue to occur. 8 Meningococcal carriage is frequent, with adolescents being the main reservoir, 9, 10 while infection dynamics remains poorly understood. 11 Globally, increasing trends in serogroup W disease incidence in recent years have been reported. 9, 12 Recent data point to a significant relative burden of serogroups C and Y in adolescents compared to other serogroups; MacNeil et al. speculate that this is likely associated with adolescents either not receiving the MenACWY vaccine or not receiving the MenACWY booster dose in late adolescence. 13 Adherence to current ACIP recommendations for vaccination constitutes a critical aspect for public health. In 2016, the Centers for Disease Control and Prevention (CDC) reported that while 82.2% of adolescents aged 13 to 17 years received the primary dose, only 39.1% of adolescents aged 17 years received both doses of MenACWY. 14 have not been previously reported. Factors associated with uptake of the MenACWY vaccines during adolescence need further understanding. 16 While the 82.2% national one-dose coverage reported in 2016 among adolescents aged 13-17 years at interview was relatively high, estimates suggest large differences across states with coverage ranging from 54.2% to 96.4%. 14 Identifying factors associated with vaccination and adherence to recommendations is important for increasing immunization rates across the board, reducing disparities and ensuring adequate protection against vaccinepreventable diseases. 17 Information is largely missing regarding determinants of routine MenACWY vaccination in healthy adolescents in the US and subsequent completion and compliance in-line with recommendations.
This study aimed to address this gap and provide a systematic comprehensive analysis of MenACWY primary and booster dose completion and adherence to the ACIPrecommended schedule (compliance) for healthy adolescents down to state level in the US, based on combined NIS-Teen data from years 2011 through 2016. Such evidence can help inform the design and implementation of targeted public health interventions aimed to further increase MenACWY vaccine completion and improve adherence to the ACIP recommended schedule. Primary and booster dose completion and compliance with vaccination guidelines are critical for timely and proper immunization to help prevent meningococcal disease. 16 
Materials and methods
The study combined six years of NIS-Teen data from 2011 to 2016. The NIS-Teen is an annual survey consisting of a household survey and a provider questionnaire. The household survey collects individual-level data reported by the adolescent's parent or legal guardian such as the adolescent's household characteristics, health history, and socio-economic factors. The provider questionnaire collects individual-level data from the vaccination provider, including the adolescent's vaccination history since birth. 18 A complete list of individual-level determinants considered, including sociodemographic, economic and health-care characteristics, is provided in Supplementary Table 1 . State-level determinants, such as MenACWY education mandates, health-care expenditures, and insurance coverage, were derived from the Kaiser Family Foundation data, the CDC, and the Immunization Action Coalition; a full list is included in Supplementary  Table 2 . [19] [20] [21] Among the potential state-level variables identified from the Kaiser Family Foundation data, the CDC, and the Immunization Action Coalition, only those that were actionable and non-redundant with any other state-or individual-level variables, were included in the analysis. Of note, the MenACWY primary and booster dose vaccine mandate variables were coded at individual level for simplicity, to easily account for the presence/absence of a mandate in the adolescents' state of residence at the time they were of the qualifying age since the vaccine mandates varied by survey year within each state during the study period. Thus, an adolescent residing in a state that implemented a MenACWY vaccine mandate for elementary and secondary schools by the time he/she was 15 years of age for the primary dose and 17 years of age for the booster dose, would be attributed a "yes" value for this variable (and a "no" value in case of non-exposure to the mandate). By contrast, MenACWY education mandate variable was considered directly at the state level since no related changes of status occurred during the 2011-2016 time period.
Study population
The current study included adolescents who were 17 years of age at the time of the household survey and: (1) completed NIS-Teen household surveys; (2) had adequate provider data (APD); (3) lived in non-institutionalized households in the 50 US states or the District of Columbia. Starting in 2014, the NIS-Teen defined an adolescent's vaccination record as having APD if that adolescent had vaccination history data from one or more of the named vaccination providers or if the parent reported that the adolescent was completely unvaccinated. This updated definition was applied retroactively to data from 2011 to 2013 for consistency. Adolescents were excluded if they received the primary dose of meningococcalcontaining vaccine prior to 11 years of age, the earliest age recommended by ACIP in the general adolescent population.
Sampling weights
Sampling weights specific to each of the survey years were provided by the NIS-Teen datasets and were applied to the analyses to represent the target population. These weights adjusted for factors including household survey nonresponse rate, provider questionnaire non-response rate, and households with multiple telephone lines or no telephone service. Following guidance from the NIS-Teen, when pooling data across survey years, revised sampling weights were calculated to obtain accurately weighted estimates. These revised weights were derived by dividing each individual's sampling weight by the total number of survey years. 22 
Study outcomes
Completion was defined as receipt of the primary dose of MenACWY vaccine at age 11-15 years and a booster dose at age 16 years or older. Compliance with ACIP recommendations was defined as receipt of the primary MenACWY dose at age 11-12 years followed by a booster dose at age 16 years. The assessment of vaccine completion and compliance in this study relied on age at vaccination rather than age at survey administration.
Statistical analyses
Rates of MenACWY vaccine completion and compliance with ACIP recommendations in adolescents age 17 years were estimated at the national and state level. These estimates are based on multiple years of data and represent a weighted average over the 2011-2016 time period.
Uni-level multivariable logistic regression models were first used to assess the individual-level determinants of both completion and compliance. Multi-level multivariable regression models were then fitted to identify state-level determinants. This method accounts for the clustered nature of the data (i.e., individuals nested within states) while also allowing for the examination of individual-level and state-level variables associated with the outcomes of interest. Multi-level modeling is commonly used in public health research and has been used previously in studies conducted with the NIS-Teen data. 23, 24 Collinearity between determinants was assessed. When conducting multi-level analysis, a backward elimination strategy was applied and a commonly accepted scaled-weight approach was utilized such that the new weights sum to the cluster sample size rather than the target population. 25 Results are presented as adjusted odds ratio (AOR) estimates and 95% confidence intervals (CI) for all determinants. In addition, the following measures of variation were computed: state-level variance, intraclass correlation coefficient (ICC) (i.e., the proportion of observed variation in the outcome attributable to the effect of clustering by state), and median odds ratio (MOR) (i.e., the magnitude of the effect of clustering by state).
All analyses were conducted using SAS Enterprise Guide software version 7.1 (SAS Institute, Cary, NC). A two-sided alpha error of 0.05 were used to determine statistical significance.
Results
The study inclusion criteria were met by a total of 22,928 adolescents, representing 3,948,025 adolescents aged 17 years upon weighting (Table 1) .
MenACWY vaccination completion and compliance rates: descriptive statistics
During 2011-2016, the average national rate of MenACWY vaccine primary and booster dose completion was 23.2%, with an increase over time (4.4% in 2011 to 39.3% in 2016). During the same time period, the average rate of compliance with ACIP recommendations for MenACWY vaccination was 12.1% (increasing from 0.8% in 2011 to 23.9% in 2016) ( Table 1 ).
Large interstate variations were observed for both completion, varying from 8.7% in Idaho to 39.7% in Michigan (Figure 1(a) ), and compliance rates (3.1% in South Dakota to 26.2% in North Dakota) ( Figure 1(b) ).
Notable differences in vaccination were present across different characteristics described in Table 1 . MenACWY completion and compliance were higher for adolescents living in the Northeast and across states with existing vaccination mandates. Adolescents with a family income >$75,000, who had an 11-12-year-old well-child exam or who were up-todate on other vaccines including hepatitis A, hepatitis B, varicella, human papillomavirus (HPV), pneumococcal polysaccharide, and tetanus-diphtheria-acellular pertussis (Tdap), had higher completion and compliance rates. Lower completion and compliance rates were observed in adolescents having no health insurance, no visit to a health-care professional in the past year, receiving vaccines in a public facility, and having a vaccine provider who does not report vaccinations to the immunization registry.
Determinants of completion and compliance: multivariable analyses
MenACWY vaccination completion Findings from uni-level multivariable logistic regression modeling indicate that the odds of completing both the primary and booster dose increased with time since recommendation. Higher odds of series completion were also found among adolescents who were non-Hispanic Black (AOR = 1.38, p = .006), had married mothers (AOR = 1.23, p = .023), had 2-3 children <18 years of age in the household (AOR = 1.22, p = .005), and had a family income > $75,000 (AOR = 1.31, p = .013). Adolescents of female gender (AOR = 0.62, p < .001) and with household members with any high-risk health conditions (AOR = 0.84, p = .016) had lower odds of series completion. Healthcare-related determinants associated with completion were the number of visits to health-care professionals in the past year, whether the adolescent had an 11-12-year -old well-child exam, presence of household members with any high-risk health condition, facility type of vaccine providers, whether the adolescent's providers reported vaccinations to an immunization registry, and being up-to-date on other vaccines. Specifically, adolescents who had two or more visits to health-care professionals in the past year (2-5 visits: AOR = 1.43, p = .003; ≥6 visits: AOR = 1.47, p = .016), had an 11-12-year-old well-child exam (AOR = 1.48, p = .039), received vaccines at private, hospital, or other/mixed/unknown facilities (Private: AOR = 1.69, p < .001; Hospital: AOR = 1.63, p = .002; Other/mixed/unknown: AOR = 1.58, p = .001), had all their providers reporting vaccinations to immunization registry (AOR = 1.43, p = .001), were up-to-date with their hepatitis A (AOR = 2.31, p < .001), hepatitis B (AOR = 1.67, p = .005), varicella (AOR = 1.43, p = .001), HPV (AOR = 2.60, p < .001), and Tdap (AOR = 3.28, p < .001) vaccines had higher odds of series completion. Notably, adolescents residing in states with a vaccination mandate for the booster dose (AOR = 2.03, p < .001) had a significantly higher likelihood of completion ( Table 2) .
After controlling for demographic and clinical characteristics as well as provider characteristics, large variations remained in the likelihood of MenACWY primary and booster dose completion across states of residence (Figure 2(a) ).
Similar patterns of associations between individual-level determinants and MenACWY vaccine completion were observed in the multi-level model ( Table 3) . Following backward elimination, one state-level determinant was selected: adolescents residing in states with higher pediatrician density had a significantly higher likelihood of MenACWY completion compared to individuals in states with lower pediatrician density (AOR = 1.69, p = .007). Adjusting for individual-level determinants decreased the statelevel variance from 0.27 to 0.25 and MOR from 1.64 to 1.61. Further, adjusting for the significant state-level determinant (the number of pediatricians per 10,000 population ages 0-18) decreased the state-level variance by 16.1% from 0.25 to 0.21 and the MOR from 1.61 to 1.54. The MOR suggests that residual heterogeneity between states was of greater relevance for understanding the likelihood of MenACWY completion compared to most of the individual-level determinants (ORs ranging from 0.63 to 1.56), excluding being up-to-date with other vaccines and survey year, which had much higher ORs. The MOR in the multilevel model remained greater than 1, suggesting that the differences in the odds across states could not be fully explained by the considered individual-level and state-level determinants.
MenACWY vaccination compliance with ACIP recommendations
Likelihood of compliance was also higher among adolescents who had 2-3 other children <18 years of age also living in the household (AOR = 1.25, p = .01), but lower among female adolescents (AOR = 0.65, p < .001). Certain health-care determinants were associated with higher odds of compliance, including having a history of asthma (AOR = 1.33, p = .005), having had any high-risk health condition (AOR = 1.42, p = .036), having had private, hospital, or other/mixed/unknown facilities providing vaccines (AORs = 1.46-1.92, all p < .022), and being up-to-date on their hepatitis A (AOR = 2.21, p < .001), HPV (AOR = 2.88, p < .001), and Tdap (AOR = 4.37, p < .001) vaccines. Adolescents with household members with any highrisk health conditions (AOR = 0.79, p = .006) had lower odds of compliance ( Table 2) . Substantial inter-state variability in MenACWY vaccination compliance remained after adjusting for demographic and clinical characteristics (Figure 2(b) ).
Largely similar patterns of associations between individuallevel determinants and compliance remained in the multi-level models that included state-level determinants ( Table 4 ) compared to the uni-level logistic regression results. In the multi-level model, type of health insurance became significantly associated with compliance, while the association with high-risk health conditions was reduced to non-significance. Two state-level determinantshealth-care expenditures on physician/clinical services per capita and use of Immunization Information Systems (IIS)were selected from the original list of potential state-level determinants included. Every 10% increase in the proportion of adolescents participating in an IIS was significantly associated with an increased likelihood of compliance (AOR = 1.09, p = .012), after adjusting for individual-level determinants ( Table 4 ). Individuallevel determinants reduced the state-level variance from 0.31 to 0.29 and the MOR by 1.76% from 1.70 to 1.67. Further adjustment for health-care expenditures on physician and clinical services and proportion of IIS use among adolescents lead to a slightly greater decrease in the MOR of 4.79% (from 1.67 to 1.59), and state-level variance of 18.6% (from 0.29 to 0.24). Similar to completion, the MOR also remained greater than 1, indicating that the difference in the odds of compliance across states could also not be fully explained by the individual-level and state-level determinants included.
Discussion
Using the 2011-2016 NIS-Teen data, this study estimated the US national and state rate of MenACWY vaccine primary and booster dose completion and compliance with ACIP recommendation in adolescents, with focus on inter-state variability and determinants of vaccination. The average rates of MenACWY vaccine completion (23.2%) and compliance (12.1%) during the study period were suboptimal and varied across states. The extent to which individual-level determinants including demographics, clinical or provider characteristics, state of residence, and vaccine mandates, as well as state-level determinants such as the number of pediatricians per 10,000 persons aged 0-18 years, state health-care expenditures, education mandates and IIS utilization, were associated with the likelihood of MenACWY vaccination was assessed to further investigate potential determinants of these differences in completion and compliance. While other studies have assessed determinants of vaccination in adolescents, 26, 27 to our knowledge, this is the first study to investigate MenACWY vaccine primary and booster dose completion and compliance with ACIP recommendation using multi-level modeling to determine the impact of state-level factors in addition to individual-level factors.
Various individual-level demographic determinants (family income, race/ethnicity) were associated with MenACWY vaccination completion and compliance. Consistent with published literature, adolescents from higher-income families had better odds of completing both the primary and booster dose during early adolescence. 27 Non-Hispanic Black adolescents were more likely to complete both doses than non-Hispanic Whites. These findings may be influenced by the Vaccines for Children (VFC) program which aims to close the disparities in healthcare access by providing free recommended vaccinations for children ≤18 years of age, Medicaid-eligible, uninsured, underinsured, or American Indian or Alaska Native. 28 Clinical and provider characteristics were also important determinants of MenACWY vaccine primary and booster dose completion. Higher frequency of health-care visits in the past year and having an 11-12-year-old well-child exam were associated with a 1.4 to 1.5-fold increase in likelihood for vaccine completion. A higher likelihood of vaccine completion was also influenced by determinants related to healthcare contact including high-risk health conditions. In addition, being up-to-date on other adolescent vaccines, particularly HPV, hepatitis A, and Tdap vaccines, was consistently associated with a higher likelihood of both vaccination outcomes. Furthermore, among all significant individual-level determinants, being up-to-date on these three vaccines had the strongest influence on the likelihood of vaccine completion and compliance. This is in line with previous studies, which have reported that the HPV vaccine-series initiation is significantly associated with Tdap and meningococcal vaccines'. 29, 30 In recent years, an increasing number of states have implemented state mandates for both the primary and booster dose of the MenACWY vaccine, following the ACIP recommendations. 31 In the multivariable analysis, the presence of the booster-dose mandate before the age of 17 more than doubled the likelihood of completion. These results provide additional support for the importance of state vaccine mandates on MenACWY vaccine primary and booster dose completion. This analysis yielded two noteworthy findings concerning state vaccine mandates. First, the primary dose mandate was not a significant determinant of MenACWY completion. This may partly be explained by the fact that one-dose vaccine recipients were included in the comparison group. Therefore, the impact of the primary dose mandate may have been diluted, resulting in the booster dose mandate being the predominant driver for completion of both vaccine doses. Alternatively, a primary dose mandate might not significantly affect the completion of the booster dose due to differences in its enforcement compared to the enforcement of a booster dose mandate. Second, neither the one-dose mandate nor the booster dose mandate was a significant determinant of vaccine compliance. This finding could potentially be explained by dilution effects due to the inclusion of one-dose recipients, similar to that for completion, and recipients of both doses but not in accordance with ACIP recommendation, in the comparison group; and the relatively low proportion of adolescents who complied with the ACIP vaccination schedule (12.1% overall), who may possess highly different behaviors and drivers to be vaccinated compared to other adolescents. In addition to vaccine mandates, states may implement education mandates to provide more information on the vaccines. However, in this study, state education mandate as a state-level determinant was not significantly associated with either MenACWY vaccine outcomes. It is possible that the effect of the state education mandate on the likelihood of completion of the MenACWY vaccine primary and booster dose was diluted by the strong impact of the state booster dose vaccination mandates. The effectiveness of state education mandates for adolescent vaccines remains to be determined.
Among state-level determinants, the pediatricians-tochildren ratio was positively associated with the likelihood of completing both vaccine doses. A study by LeBaron et al. 32 reported a similar finding that this factor was strongly associated with higher vaccination coverage. The proportion of IIS use among adolescents was positively associated with the likelihood of vaccine completion and compliance. The IIS is a computerized database that records all vaccines administered by participating providers within each state. The IIS also assists vaccine providers in assessing appropriate vaccinations for individuals and directs public health resources to improve vaccination coverage. 19, 33 These findings present valuable opportunities for improving vaccine uptake, completion and compliance among adolescents. First, modification of the pediatrician distribution within states may improve MenACWY vaccine primary and booster dose completion. This is in-line with previous observations that more frequent health-care provider contact for the adolescent could potentially reduce missed opportunities for vaccination 30, 31 and improve the likelihood of completing the vaccine series. Second, the implementation of a boosterdose state mandate before the age of 17 is likely to increase vaccination completion. Third, increasing the proportion of state IIS use and state health-care expenditures, especially for services targeted at adolescents, may be promising strategies for enhancing timely receipt of the MenACWY vaccine primary and booster dose.
In the multi-level multivariable regression analyses, 8-9% of the state variation in the odds of MenACWY vaccination could be explained by state-level determinants. While these numbers appear small, they are consistent with ICCs found in other observational studies. [34] [35] [36] In our analyses, the between-state variance in the vaccination outcomes persisted even after adjusting for significant individual-level and state-level determinants. This is demonstrated by the multivariable logistic regression models where the state of residence persisted as an important determinant for completion and compliance. There are several potential explanations for these observations. First, state-level indicators and measures, such as availability of health-care resources, do not capture the granularity that is available at the county-or districtlevel. Second, delivery methods of vaccination-related mandates vary across states, which was not captured in the list of potential determinants. For example, in the case of education mandates, some states require education from health-care providers while others require programs from the state Department of Health. Studies have found that the influence of education mandates on vaccination rates may depend on the method of delivery. 37 Third, other state-level determinants, such as state laws on non-physician providers' ability to vaccinate 38 or the state methodology for enforcement of mandates, including routes for exceptions, that were not accounted for could have modified or offset the effect of other state-level vaccination policies. 37, 39 Finally, other individuallevel characteristics such as individual or parental behaviors, attitudes and beliefs about vaccines, news coverage, provider recommendation, and family influences may also impact vaccination completion and compliance. [40] [41] [42] Several limitations should be considered when interpreting findings from this study. Due to the cross-sectional nature of NIS-Teen data, the analysis did not account for potential individuallevel variabilities over time. We were only able to assess characteristics as they were available in the data. It is possible that certain characteristics may change over time, but the potential impact of the dynamic nature of these characteristics could not be captured. Some adolescents may have received vaccinations from different health-care providers and only a subset of these health-care In multivariable analysis, the overall categorical variable "state of residence" had a significant effect on the likelihood of MenACWY vaccine completion and compliance. The adjusted odds ratio of each state as compared to the reference (i.e., Mississippi) is shown with 95% confidence interval.
providers may have submitted the provider questionnaire. As such, completion and compliance estimates may be underestimated. Likewise, adolescents who may receive their booster dose after age 17 years are not captured in the NIS-Teen data, which may also contribute to underestimation of the completion rates. Despite the limitations of survey design, this study followed the same methodology as the CDC for estimating vaccine uptake, and estimates were cross-referenced with estimates provided by the CDC whenever possible. Annual estimates in this study were similar to those reported by the CDC. Slight differences may occur due to the exclusion of individuals who received any meningococcal-containing vaccine prior to age 11 years, which was implemented since our study focuses on the ages recommended by ACIP (i.e., starting at age 11 years) and other differences in specific underlying definitions. Combining multiple years of NIS-Teen survey data has its own inherent limitations 25 but was necessary in this study to enable adequate analyses down to state-level.
In conclusion, although MenACWY vaccine primary and booster dose completion at the appropriate ages and compliance with the ACIP recommendation have improved over time from 2011 to 2016, with significant inter-state variability. This study also identified several individual-and state-level determinants that were significantly associated with completion and compliance with the ACIP recommendation, which may help guide targeted clinical, policy, and educational interventions aimed at improving health-care access/utilization among adolescents. However, after adjusting for both individual-level and state-level characteristics, there remained a persistent effect of the state of residence on the likelihood of MenACWY vaccine completion and compliance. Additional research to elucidate other determinants such as physician or parental behaviors, attitudes and beliefs about vaccines not captured in this study could provide additional insights on optimizing resource allocation and inform efforts for improving MenACWY vaccine completion and compliance rates in US adolescents. ACIP: Advisory Committee on Immunization Practices; CI: confidence interval; HPV: human papillomavirus; ICC: intraclass correlation coefficient; IIS: Immunization Information Systems; MOR: median odds ratio; MenACWY: meningococcal conjugate vaccine; SE: standard error; Tdap: tetanus-diphtheria-acellular-pertussis vaccine Footnotes: a. Compliance is defined as receipt of the vaccine primary dose at ages 11-12 and the booster dose at age 16. b. Includes adolescents who were age 17 at the time of household survey with adequate provider data. Adolescents who received a meningococcal-containing vaccination before age 11 were excluded. c. All estimates are presented as 6-year averages for 2011-2016. Backward elimination was used for model selection. Bold text indicates p < 0.05. d. Other insurance includes Children's Health Insurance Program, Indian Health Service, and health insurance provided by the military. e. High-risk health conditions include lung conditions other than asthma, heart conditions, diabetes, kidney conditions, sickle cell anemia or other anemia, or a weakened immune system caused by a chronic illness or by medicines taken for a chronic illness. f. Up-to-date on other vaccines excludes any vaccinations received after the telephone survey date and is defined as having the following: hepatitis A: 2+ hepatitis-A-containing shots; HPV: 3+ human papillomavirus shots; Tdap: 1+ Tdap-only shot since age 10 years. g. IIS use is defined as the average percentage of US adolescents 11-17 years participating in an IIS between years 2011-2016. h. The ICC from an empty model with no individual or state-level determinants was 0.085.
